Objective: To assess whether circadian desynchronization leads to metabolic alterations capable of promoting dietary obesity and/or impairing glucose tolerance. Design: Rats fed either with chow pellets (i.e., low-fat diet with 4% mass of fat) or high-fat diet (34% mass of fat). Half of each diet group was exposed to a fixed light-dark cycle or to a 10-h weekly shift in the light-dark cycle from Thursday to Sunday (20 shifts). To enforce the shifted animals to be active at unusual times of the day, food was available only during the daily dark period for all groups. Results: Shifting the light-dark cycle on a weekly basis was efficient to induce circadian desynchronization, as evidenced by strong disturbances in the daily expression of locomotor activity. Shifted rats fed with a nocturnal low-fat diet had lower plasma insulin and similar blood glucose compared to rats fed with the same diet under a fixed light-dark cycle. Nocturnal high-fat feeding led to an abdominal fat overload associated with increased plasma leptin and basal glucose. These metabolic changes were not significantly modified by circadian desynchronization. Conclusion: Chronic desynchronization with low-fat diet impaired insulin regulation. Metabolic changes induced by the highfat diet were not aggravated by chronic desynchronization.
Introduction
Obesity results from unbalanced food intake and energy metabolism. In humans and animal models, a body fat overload is often concomitant with alterations in the temporal organization of many biological functions. [1] [2] [3] Disturbance of circadian rhythmicity, or desynchronization, as it occurs after jet lag (i.e., rapid crossing of time zones), shift work rotation or chronic night work, is well known to be associated with sleep deprivation, altered vigilance 4 and changes in glucose metabolism. [5] [6] [7] An overload in body mass is frequently observed in night-or shift-workers. 8, 9 Response of plasma triglycerides to a standard meal is increased in both simulated night shifts and real night shift workers. 10 Furthermore, a causal link has been suggested between shift work and the so-called metabolic syndrome (i.e., obesity associated with high level of blood glucose and hyperinsulinemia).
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Daily temporal organization is a major feature of biological systems as shown by the occurrence of circadian rhythmicity (i.e., temporal variations with a period close to 24 h) in most biochemical, physiological and behavioral variables. In mammals, circadian rhythms are under the control of a main circadian clock located in the suprachiamatic nuclei of the hypothalamus, inputs coming from environmental cues that synchronize the clock, and outputs by which the clock confers circadian rhythmicity to the organism. 12 An important way in which the suprachiasmatic clock controls temporal organization is by regulating the daily timing of energy intake and expenditure. Conversely, changes in metabolism can affect circadian rhythms. [13] [14] [15] Taken together, these data suggest a possible relationship between some types of obesity and alterations in circadian timing. In this context, the present study aims at testing whether a circadian desynchronization leads to metabolic alterations capable of disturbing carbohydrate and lipid metabolism. For that purpose, two groups of rats fed with low-or high-fat diet were studied. Each group was maintained in a fixed light-dark cycle or was exposed to chronic reversal of the light-dark cycle at weekly intervals. Our expectation was that chronic desynchronization may increase the occurrence of abdominal obesity associated with high levels of blood glucose and insulinemia.
Material and methods

Animals
Male Long-Evans rats (Janvier, Le Genest-St-Isle, France), 2-month-old at the beginning of experiment, were individually housed in cages equipped with a running wheel (9 cm wide Â 34.5 cm diameter) in a temperature-controlled room (23711C). The wheel-running revolutions were recorded using VitalView s data acquisition system (Mini-Mitter Co., Sunriver, OR, USA). Under gaseous anesthesia (mixture of O 2 , nitrogen protoxide and isoflurane), each animal was implanted intraperitoneally with an E-Mitter s transmitter (Ref: PDT-4000, #870-0001, Mini-Mitter) to record general locomotor activity and body temperature every 5 min with VitalView.
Experimental design
For 2 weeks, all rats were housed in a 12 h light -12 h dark cycle (lights on at 0700 hours), and food and tap water were available ad libitum. Then, the animals were randomly separated into two groups. The control group (n ¼ 18) received a standard low-fat diet composed of (in g/100 g): 4 fat, 20 proteins, and 66 carbohydrates (UAR, Epinay sur Orge, France). The control diet contained 3.90 kcal/g, including 0.37 kcal/g from fat. The other group (n ¼ 19) received a high-fat diet composed of (in g/100 g) 34 fat (i.e., 30% of saturated fat from lard was added to the control diet), 15.4 proteins, and 50.8 carbohydrates. The high-fat diet which contained 5.90 kcal/g (3.16 kcal/g from fat) was prepared weekly. Food intake and body mass were measured weekly.
After 2 months of baseline with food and water ad libitum, the animals were tested for glucose tolerance 2 h after the onset of light. At this stage, to evaluate accretion of body fat, two groups of animals fed with low-or high-fat diet (n ¼ 6 and 7, respectively) were killed with an overdose of pentobarbital. Mass of epididymal fat pads and retroperitoneal fat was used as an index of adiposity. Trunk blood was also sampled to determine plasma insulin and leptin.
The 24 other rats were still fed with low-or high-fat diet (n ¼ 12 per group) and each group was subdivided into six animals maintained in a fixed 12 h light -12 h dark cycle (lights on at 0700 hours) and six other animals were subjected to a 10-h shift in the light-dark cycle every week from Thursday to Sunday, the light-dark cycle being similar to that of the control animals from Monday to Wednesday (Figure 1 ). For both groups of rats, food was available only during the daily dark period, the access to food being electronically closed during the daily light period (Sesams, Logelbach, France). Within the group of rats fed with a lowfat diet under a fixed light-dark cycle, one ill animal had to be taken out of the experiment. After 5 months of experiment, on a Wednesday morning (i.e., when animals were exposed to the same light-dark cycle), the 23 animals were tested for glucose tolerance 1 h after the onset of light and killed 6 h after the onset of light. Fat tissues and blood were sampled as above.
All experimental procedures were carried out in accordance with the National Council Directive (#87 848, October 19, 1989 , Ministère de l'Agriculture et de la Forêt, Service Vétérinaire de la Santé et de la Protection Animales) and the European Communities Council Directive (#86/609/EEC, November 24, 1987) . All efforts were made to minimize the number of animals used and any potential suffering.
Methods of analysis
To test oral glucose tolerance, blood glucose was assessed just before, 30 min, 1 and 2 h following an oral injection of glucose (2 g/kg, Sigma, St Louis, MO, USA) performed 2 h after the onset of light. Blood samples were collected via tail veins and blood glucose was determined immediately (Glucotrend premium kit, Roche Diagnostics, Meylan, France).
Plasma triglycerides and free fatty acids were determined by commercial enzymatic assays using, respectively, Bayer The onset of the daily active period was determined with ClockLab (Actimetrics, Evanston, IL, USA). The acrophase of body temperature was determined using a cosinor analysis with SigmaPlot (Jandel Scientific, San Rafael, CA, USA). Actimetry data were also analyzed to assess robustness of the circadian rhythms and magnitude of their desynchronization, using nonparametric methods previously developed in human studies. 16 
Statistical analysis
To test the effects of diet (low vs high fat) and lighting conditions (fixed vs shifted light-dark cycle), data were processed with analyses of variance (ANOVA) with repeated Low-vs high-fat diet and circadian timing I Bartol-Munier et al measures or not, depending on the parameter considered. If significant main effects or a significant interaction was found (Po0.05), post hoc comparisons were performed with the Student-Newman-Keuls test. The two groups of baseline (T0), either fed with low or high fat, were compared with Student's t-test. Values are means7s.e.m.
Results
Circadian rhythm parameters
Two rhythmic parameters (i.e., general locomotor activity and body temperature) were recorded continuously for each animal. To characterize synchronization to light in rats exposed to a fixed light-dark cycle (Figure 2 ), we determined the phase angle between the onset of the active period and the time of lights-off. At the end of the experiment, the onset of the nocturnal period of activity occurred a little bit earlier in rats fed with a low-fat diet compared to those fed with high-fat diet (1835 hours710 and 1912 hours715 min, respectively; n ¼ 12; P ¼ 0.052). The acrophase of body temperature rhythm was close to 0100 hours in both groups (0055 hours724 and 0120 hours727 min, respectively). These parameters were too loose to be quantified in rats subjected to shifted light-dark cycle (see Figure 2) .
Desynchronization of circadian rhythms has been assessed with the following nonparametric variables. The so-called 'Interdaily Stability', 'Relative Amplitude' and 'Intradaily Variability'. 16 Interdaily Stability, which estimates robustness of circadian rhythmicity, was significantly reduced in animals either fed with a low-or high-fat diet (0.12270.034 and 0.12670.034 arbitrary units (a.u.), respectively) and exposed to shifted light-dark cycle compared to that in rats either fed with a low-or high-fat diet (0.41270.037 and 0.4207 0.034 a.u., respectively) and kept under a fixed light-dark cycle (main effect of lighting conditions, Po0.0001). For Figure 2 (a) Daily locomotor activity during the last 2 weeks of the experiment in two rats, no. 6 and no. 2, fed, respectively, with a low-fat (LF) and a high-fat diet (HF), and kept under a fixed light-dark cycle (left panels) and in two other rats, no. 8 and no. 12, fed, respectively, with anLF and a nHF, and exposed to shifted lightdark cycles (right panels). Successive 24 h periods are double plotted (48 h horizontal time scale). (b) Daily body temperature during the same period in the same animals as depicted above for locomotor activity. Data are 4371C.
Low-vs high-fat diet and circadian timing I Bartol-Munier et al a given light-dark condition, there was no significant difference according to the diet (P40.1).
In accordance with a large degree of desynchronization in rats subjected to shifted light-dark cycles, the relative amplitude of daily rhythms was also markedly reduced in rats either fed with a low-or high-fat diet (37.878.8 and 40.278.9 a.u., respectively) and exposed to shifted lightdark cycle compared to that in rats either fed with a low-or high-fat diet (129.079.7 and 106.078.8 a.u., respectively) and kept under a fixed light-dark cycle (main effect of lighting conditions, Po0.001). Again, there was no significant effect of the diet (P40.1). Unexpectedly, the level of rhythms fragmentation, as assessed with intradaily variability, was significantly modified neither by light-dark conditions (P40.1) nor by diet (P40.1). Nevertheless, the present data taken together show that the protocol of shifted light-dark cycles was efficient to produce a circadian desynchronization in rats.
A significant decrease in general locomotor activity was detected between the beginning and the end of the experiment in rats exposed to shifted light-dark cycles, whatever the diet (Po0.05). Under a fixed light-dark cycle, there was also a decrease in the activity level in rats fed with a high-fat diet (Po0.05), but not in control rats fed with a low-fat diet (Figure 3 ).
Metabolic parameters
There was only a trend for an increased body mass in rats fed with a high-fat diet (effect of diet, P40.05), independently of light-dark conditions (P40.1). At the end of the 5-month experiment, body mass in rats fed with a high-fat diet exposed to fixed or shifted light-dark cycles reached 496.3716.7 and 444.2713.6 g, respectively, while it was 450.7712.9 and 416.478.2 g in animals fed with a low-fat diet according to the same lighting conditions (Figure 4) .
For animals killed at the end of the 2 months of baseline (T0), there was a borderline increased amount of abdominal (i.e., epididymal and retroperitoneal) white fat in animals fed with a high-fat diet compared to controls fed with a lowfat diet (10.170.9 vs 6.471.4 g, respectively; P ¼ 0.05). The difference for plasma leptin was higher between the two T0 groups (10.271.4 vs 4.771.7 ng/ml, respectively; Po0.05).
At the end of the 5-month-experiment, the mass of abdominal white fat was significantly increased by about Low-vs high-fat diet and circadian timing I Bartol-Munier et al 66% (Po0.01) in rats fed with a high-fat diet, either exposed to fixed or shifted light-dark cycles (20.874.9 and 18.673.8 g, respectively) in comparison with that of control rats fed with a low-fat diet, exposed to fixed or shifted lightdark cycles (12.871.2 and 10.972.5 g, respectively; Figure 5 ). Similarly, plasma leptin in rats fed with a high-fat diet was higher than that in control rats fed with low-fat diet, whatever the lighting conditions (Po0.01; Table 1 ). These observations clearly confirm the efficacy of a high-fat diet during several months to produce an abdominal adiposity. 17 However, the shifted light-dark cycles did not significantly modify the accretion of body fat (P40.1; Figure 5 ). Plasma triglycerides and free fatty acids were not significantly changed according to the diet (P40.05) or the lighting conditions (P40.05; Table 1 ).
During the first 2 weeks of shifted light-dark cycles, rats fed with a high-fat diet ingested more calories (379715 and 375714 kJ/day under fixed and shifted light-dark cycles, respectively), compared with control rats fed with a low-fat diet (32377 and 311711 kJ/day under fixed and shifted light-dark cycles, respectively; P ¼ 0.002; Figure 6 ). During the last 2 weeks of the 5-month experiment, whatever the lighting conditions, rats fed with high-fat diet lowered their energy intake (309714 and 280710 kJ/day under fixed and shifted light-dark cycles, respectively) to a level close to that of control rats fed with a low-fat diet (32275 and 291720 kJ/ day under fixed and shifted light-dark cycles, respectively; P40.1; Figure 6 ).
When tested 1 h after the onset of light during the last week of the experiment, basal blood glucose was higher in rats fed with a high-fat diet in comparison with those fed with low-fat pellets. However, blood glucose concentration after an oral bolus of glucose was affected neither by diet (low vs high fat; P40.05) nor by lighting conditions (fixed vs shifted light-dark cycle, P40.05; Figure 7) .
Concentration of basal blood glucose measured 6 h after the onset of light was significantly affected by the diet because it was larger in animals fed with a high-fat diet compared to controls fed with low-fat food (Po0.05; Table 1 ), but it was not modified by the lighting conditions (P40.1). The main effects of diet and light did not significantly affected plasma insulin, but the diet Â light interaction was significant for insulin (Table 1 ; Po0.01). In rats under a fixed light-dark cycle, insulinemia was larger in the low-fat group compared to that of the high-fat group. Furthermore, in animals fed with a low-fat diet, plasma insulin in rats with a fixed light-dark cycle was higher than that in rats with shifted lighting cycles ( Table 2 ). Low-vs high-fat diet and circadian timing I Bartol-Munier et al
Discussion
The aim of the present study was to investigate possible causal links between chronic desynchronization (i.e., alteration of temporal organization) and metabolic impairments associated with abdominal fat overload. A chronic desynchronization in rats fed with a low-fat diet appears to alter metabolic responses, as suggested by impaired relationship between insulin and glucose, but it did not enhance fat overload in response to long-term high-fat diet.
Induction of dietary obesity and circadian desynchronization
The use of a diet rich in saturated fat, such as lard, was based on previous studies. 17, 18 As expected from previous studies, including the Long-Evans strain, 19 the high-fat diet used here was efficient to increase the amount of abdominal white adipose tissue, thus producing an abdominal obesity. The increase in body fat was associated with higher levels of basal blood glucose and plasma leptin, a hormone signaling metabolic status from the adipocyte to peripheral tissues and the brain. There was no indication that high-fat feeding in our Long-Evans rats led to impaired glucose tolerance as previously found in Wistar and Sprague-Dawley rats, 20, 21 in contrast to what others found in Wistar Imamichi rats. 21 Plasma insulin in response to high-fat diet has been shown to be either unchanged 21 or increased, 19, 22 while a decrease was noted in the present study (Table 1) . First, low plasma insulin in rats fed with a high-fat diet may be due to hyperleptinemia. Indeed, leptin is known to directly reduce insulin secretion from pancreatic b cells. 23, 24 Second, given that a high-fat diet has a lower content in carbohydrate, a same amount of food is expected to lead to a lower insulin response (i.e., to a lower plasma insulin) with a high-fat diet compared to that with the chow diet.
In the present study, the fat overload was not accompanied by a pronounced increase in body mass. This finding confirms other works in adult rats showing that high-fat diets can cause increased body fat without necessarily bringing about a concomitant change in body mass. 19, 25 In addition to abdominal obesity, a significant decrease in general locomotor activity was detected in rats fed with a high-fat diet whatever the lighting conditions. In these rats, the reduced locomotor activity might result from a relative decrease in muscular mass due to increased adiposity without significant changes in body mass. This hypothesis, however, does not hold for the decrease in locomotor activity also noted in rats fed with a low-fat food under shifted light-dark cycles. In the case of shifted lighting conditions, it is possible that light exposure during the usual resting period (i.e., the usual night time) would have inhibited the normal amount of voluntary activity. Nevertheless, the 10-h shift in the light-dark cycle every week induced a clear circadian desynchronization, as evidenced by altered rhythmicity of body temperature and daily locomotor activity. Nonparametric variables have been used as indexes of disturbances in the daily rhythm of locomotor activity because the cosinor method is not very robust to analyze signals not having a sinusoidal shape. 16 The interdaily stability evaluated the coupling power between a rhythm and its synchronizer (Zeitgeber). The low values of interdaily stability detected in rats with shifted light-dark cycle compared to those in animals with fixed light-dark conditions highlight a loss of synchronization between the endogenous rhythm of locomotor activity and the two present Zeitgebers, namely light and food. This observation is also confirmed by the reduction in the amplitude of locomotor activity rhythm. Therefore, even if short schedules of restricted feeding can slow the reentrainment to the new light-dark cycles, 26 food access restricted to the nocturnal period did not prevent circadian desynchronization.
Obesity and circadian alterations
Most of the available data on the effects of obesity on circadian rhythms have been obtained in the Zucker rat. This Low-vs high-fat diet and circadian timing I Bartol-Munier et al animal model of obesity has been shown to present spontaneous phase advances in the daily rhythms of locomotor activity, body temperature and food intake. 1, 3, 27 In that case of genetic obesity, it has been demonstrated that a mutation of the gene coding for leptin receptor was responsible for overeating, increase in body mass and adiposity. 28 In the present study, we wanted to check whether a dietinduced abdominal obesity may lead to changes in the temporal organization as it can be observed in rats with genetic obesity. We did not detect significant alterations (if any, there was a small delay, not an advance) in the phase of the daily rhythms of locomotor activity or body temperature in the fatty animals exposed to a regular, fixed light-dark cycle. As our study was devoted to enforce the animals to be active at unusual times of the day, we considered it important to shift not only the light-dark cycle, but also the time of food access. As a control procedure, rats exposed to a fixed light-dark cycle had access to food for a similar duration (i.e., 12 h of darkness). Therefore, the restricted access to food during the 'nocturnal' periods might have masked possible phase shifts. In support of this hypothesis, when food is limited to the night time period, Zucker rats gain less weight, while they do not reduce their energy intake. This finding therefore suggests that food intake eaten by Zucker rats during the usual resting period (i.e., during daytime in nocturnal rats) may play a role in the obesity syndrome of the Zucker strain. 3 Relationships between circadian and metabolic alterations In the present study, a chronic reversal of the light-dark cycle at weekly intervals was efficient to induce a chronic desynchronization in rats fed with a control diet. Moreover, in rats fed with control diet, plasma insulin was lower in lighting conditions compared to that under fixed light-dark conditions, while levels of blood glucose were similar in the two groups of rats. Thus, altered temporal organization in shifted animals was associated with altered relationship between plasma insulin and glucose. This finding may be due to a reduced insulin response. It is interesting to note that impaired correlations between plasma insulin and glucose have been drawn in humans when studying volunteers with nocturnal vs diurnal lifestyle. 29 However, we did not confirm the larger gain in body mass observed in F344 rats exposed to twice-weekly 12-h shifts of the light-dark cycle. 30 One difference between this study and our protocol was the period of food availability (i.e., free access versus access restricted to the nocturnal period, respectively). Moreover, in the present study, the pattern of nocturnal feeding may not be the same under the two lighting conditions. Since timing of food access was phase advanced by 10 h during three consecutive shifted cycles and in view of locomotor activity and temperature data, feeding pattern is probably still disturbed after only 3 days back to the regular light-dark cycle. In that case, the nocturnal pattern of food intake could end earlier in shifted rats compared to control rats. Therefore, the longer fasting period before insulin measurement (6 h after the onset of light) in shifted rats may explain their lower insulinemia compared to that of control animals. In rodents and humans, glucose tolerance shows daily variations depending on circadian rhythmicity and sleep. 2, 31 Here, we show that a behavioral desynchronization is not associated with changes in response to oral glucose. Moreover, a fat overload did not increase the magnitude of circadian desynchronization in rats exposed to shifted lightdark cycles. Retrospectively, it cannot be fully excluded that restricted access to food during the 'nocturnal' periods only had limited metabolic alterations in rats fed with a high-fat diet. Nevertheless, there was an increase in basal blood glucose in rats fed with a high-fat diet. An increased level of circulating glucose is a well-known risk factor for health, as observed with the metabolic syndrome and type 2 diabetes.
In the present study, abdominal obesity was induced by a high-fat diet. It is possible that different results (e.g., occurrence of impaired glucose tolerance) are obtained when rats are offered various palatable food items, the so-called cafetaria diet. Further studies are thus needed to better understand the relationships between alterations in energy metabolism and temporal organization.
